Four gnotobiotic calves were inoculated intranasally with Breda virus within two hours after cesarean section. Three calves developed diarrhea between 48 and 60 hours after inoculation; one calf was killed at 36 hours. Consistent microscopic findings in the intestinal mucosae of calves with diarrhea were cytopathologic changes in enterocytes of the lower small intestine, large intestine, and dome epithelial cells and an acute inflammatory response with cellular infiltration and subtle changes in capillaries. Virions with average dimensions of 35 x 80 nm were seen in rounded cells that had severe cell swelling, dilatation of the cytocavitary network, and hydropic degeneration. Virions were most often in multiple, large autophagolysosomes. There was a good correlation in detection of virus in cells with electron microscopy and indirect immunofluorescence. No lesions were detectable in two control calves killed five days after inoculation.
In 1982, a new virus was detected in a dairy herd where diarrhea in newborn calves was an emerging problem. This virus was transmissible to gnotobiotic calves and was called Breda virus in recognition of its origin from the township of Breda in northwest Iowa. Although the virus has some distinguishing structural features, it may be confused with bovine coronavirus during superficial examination of fecal samples by electron microscopy. These two viruses have no antigenic relationship and they can be distinguished by hemagglutination inhibition tests and by immunofluorescence. An agent similar to Breda virus has been described recently as an apathogenic virus in horses.'* Preliminary microscopic investigations have been reported in Breda virus-infected ca1~es.l~ Lesions were villous atrophy and crypt hyperplasia in the lower small intestine. Fusion of villi occurred and viral antigens were found with immunofluorescence at the site of fusion. Multifocal necrosis was found in crypt cells of small and large intestine and in epithelium at the large intestinal surface.
This study was designed to characterize the cellular lesions of the intestinal mucosa of gnotobiotic calves infected with Breda virus and to compare changes with the cellular morphology of control gnotobiotic calves. 13 Ultrastructural studies have been done on a few normal gnotobiotic calves,** and on gnotobiotic calves infected with bovine corona~irus,~* I6 with rotavirus' and on a conventionally reared calf with enteric colibacillosis. I
Materials and Methods
Breda virus was passed once in a gnotobiotic calf (GC 1). 22 Cecal contents from this calf were diluted 1:6 in Eagle's minimal essential medium and filtered through a 0.45 pm membrane filter. The hemagglutination titer of this preparation was approximately lo5 hemagglutination units of virus.
Four gnotobiotic calves obtained by open cesarean techniques were used.' The calves were infected intranasally within the first two hours after birth with 6 ml of the virus preparation and fed 2 liters of reconstituted evaporated cows milk twice daily until the experiment was terminated (see table I ). Two uninoculated controls were kept in the same manner and killed five days after inoculation.
Fecal samples were taken twice daily and examined for the presence of Breda virus by the hemagglutination-hemagglutination inhibition (HAHI) test and electron microscopy, for coronavirus by HAHI and electron microscopy, for rotavirus by tissue culture isolation and electron microscopy, of astrovirus by tissue culture and electron microscopy, and for calicivirus-like agent by electron microscopy!*20*22
Calves were anesthetized with sodium pentobarbital. Tissues for ultrastructural and immunofluorescence investigations were obtained as described
In addition, osmium-fixed tissues from the ileum and spiral colon were processed for electron microscopy by washing overnight in buffer, dehydration in a series of graded ethanols, passage in propylene oxide and embedded in epoxy resins. Ultrathin sections were stained with lead hydroxide and uranyl acetate and examined with an electron microscope at 60 kv. Ten 
p.i. = after inoculation: duo = duodenum; jej =jejunum; cec = cecum; sp. = spiral colon: di. = distal colon: + = viral antigen determined by immunofluorescence: x = virions detected in tissue by electron microscopy: nt = not taken: nd = not detected.
' Virus in fecal material detected by hemagglutination-hemagglutination inhibition tests.
Numbers represent sites of tissue collection-see materials and methods.
blocks were cut from each sampling site and two sections were stained and examined from each block. At each of the ten intestinal sites, duodenum ( I5 cm behind the pyloric sphincter), jejunum at 100 cm, 320 cm, 450 cm, 700 cm posterior to the duodenum collection site, ileum at 120 cm and 50 cm before the ileal-cecal junction, cecum, spiral colon at ansa centralis and descending colon 20 cm before the anus, a cross section was snap-frozen in liquid nitrogen after placing it in a plastic container. Frozen sections were examined for the presence of Breda virus antigens by indirect immunofluorescence."
Results
Calf GC 14 was depressed, had continuous muscular shivering, and refused to eat 24 hours after inoculation; diarrhea commenced at 46 hours after infection. Calf GC 16 remained clinically healthy until anesthetized 36 hours after infection. Calves GC 18 and GC 20 developed diarrhea at approximately 48 and 60 hours after infection, respectively.
Breda virus was excreted in the feces of calves GC 14, 18, and 20, but was not detected at any time in the feces or intestinal contents of calf GC 16 (see table I) .
No bovine coronavirus, rotavirus, astrovirus, and calicivirus-like agents were detected in any fecal or intestinal sample from the four calves. The sites where virus was detected either by indirect immunofluorescence or by electron microscopy are given in table I. Thirty-six hours after infection there were very subtle lesions and weak fluorescence at jejunum site 450 only (GC 16) . A few virions were correlation with immunofluorescence and electron microscopy. The virus was located between microvilli, in detectable in single cells at this site. In the other three Large cells with stunted microvilli and closely apposed basolateral surfaces. Golgi complexes large, irregular, dilated, and hypertrophic with many vesicles at both faces. Mitochondria small with matrices more dense than normal. rounded sloughing degenerated epithelial cells, in necrotic crypt cells and in macrophages. Immunofluorescence was restricted to the cytoplasm.
Cytopathic changes in epithelial cells of the small intestine vaned from slight to severe and were, in general, associated with the same degree of change in the lamina propria. Although cellular lesions varied in extent, all affected cells had: expanded cytoplasmic volume; duplication of the Golgi complex with many small vesicles associated with both faces; distention and fragmentation of the cytocavitary network; large autophagolysosomes that contained debris, damaged organelles and viral components; irregular cell surfaces with shortened microvilli and disintegration of the subsurface cytoskeleton; and irregular mitochondria. In addition, most affected cells had small tubules in nucleoplasm, cytoplasmic matrix or lysosomes, and foci of virions and incomplete viral particles (nearly always in membrane-bound bodies). Acute cell swelling was most prominent in the terminal third of the intestinal villus
In minimally altered absorptive cells on slightly shortened small intestinal villi, changes largely involved the cytocavitary network ( fig. 2) . Intracellular junctions were preserved, yet microvilli were shortened markedly and cortical microfilaments were disrupted. Characteristic tubules were present throughout the cell but were not prominent in autophagolysosomes ( fig. 3) . They ranged from 22.6 to 24.4 nm in diameter and were of indeterminant length since they criss-crossed into and out of the plane of section. Autophagosomes were prominent; although large in midregions and near luminal surfaces, in basal regions of cells they were small and contained less debris ( fig. 4 ).
In markedly altered absorptive cells (commonly found on shortened villi or on villi that had fused), the above changes had occurred and there was extensive dilatation of the cytocavitary network (severe hydropic degeneration). Similar cells were present free in the intestinal lumen ( figs. 5 , 6 ) . In addition, multiple large autophagolysosomes bearing large numbers of virions were seen ( fig. 7) .
Virions were elongated with rounded ends. The average dimensions of ten virions were 35 nm X 80 nm. An outer membrane with short projections surrounded an internal double membrane core that measured 25 nm in diameter. Virions were pleomorphic and varied considerably in length ( fig. 7) .
In the lamina propria of affected villi, the interstitium was expanded; spaces were interpreted as representing edema. Although capillaries had large numbers of plasmalemmal vesicles, endothelial junctions were intact and there was no consistent pathologic change to indicate direct viral infection or indirect damage. Inflam- matory cells generally were not present in subepithelial capillaries but large numbers of platelets were common. The major pathologic change in the lamina propria was the presence of large macrophages filled with giant phagolysosomes that contained myeloid bodies. membrane fragments. lipids, and aggregates of tubules ( fig.   8 ).
The dome epithelial cells including M cells overlying lymphoid tissue had the same cytopathic changes that occurred in the absorptive cells of villi ( fig. 9 ). There was less expansion of the cytocavitary network and no hydropic degeneration of M cells was seen. Two lesions were more prominent in dome cells. and both involved cell membranes. First, Golgi complexes were more prominent and the number of associated vesicles and multivesicular bodies were increased markedly (figs. 10, I 1). Second, stunting, fragmentation, and disappearance of microvilli occurred earlier than found in ab- Fusion of villi was seen in the lower small intestine and was more severe in the calves examined 93.5 and 95 hours after inoculation than in calves sampled at earlier times. In cross section. epithelium had disdppeared at sites of fusion but remained in the crypt zones ( fig. 13 ). There was no lesion in the intestinal mucosa in the control calves.
Discussion
These studies show that germ-free calves inoculated with Breda virus develop diarrheal disease, that an acute inflammatory response occurs with moderate capillary changes, edema. and cellular infiltration. and that absorptive cells of the ileum and colon undergo cytopathic changes typical of acute viral infection including production of particles which have structure typical of viruses. In intestinal absorptive cells. virions first appear within membrane-bound dense bodies (which probably are lysosomes), a characteristic of several enteric viruses.
Virions found in the intestinal cells of these infected calves do not resemble other viruses including those known to produce enteric infection and disease in cattle. They clearly are different in size and structure from rotaviruses (50-70 nm diameter),6 bovine enteroviruses (22 nm diameter), bovine calicivirus-like agents (33 nm diameter), bovine astrovirus (28 nm diameter)," and bovine parvoviruses (22 nm diameter) . Although they resemble viruses in the family Coronaviridae, Breda virions are much smaller and differ slightly in internal structure. Breda virus is antigenically and morphologically related to an unclassified equine virus (Berne virus) and antibodies to Berne virus have been found in the blood of cattle, sheep, goats, and pigs." It has been proposed that Berne virus be classified in a new family of viruses based on its unique polypeptide composition and on its replicative strategy involving a dependence on transcription of deoxyribonucleic acid.5 The presence of nuclear tubules in Breda virus-infected cells also implies a nuclear phase in its replication. In contrast viruses of the family Coronaviridae replicate equally well in the presence or absence of actinomycin D or inhibitors of deoxyribonucleic acid metabolism and in enucleated cells. 16 The 23 (+ 1.4) nm tubules in infected cells probably are associated with viral replication. They are similar in structure to nuclear and cytoplasmic nucleocapsids of the family Paramyxoviridae. Measles virus infection results in tubular nucleocapsids which have a diameter of 14 to 23 nm in nuclei and 40 to 50 nm in the cytoplasm (because of an added coat).3 Breda virus tubules are smaller than the long tubules found in nuclei (44-56 nm) and cytoplasm (70-80 nm) of intestinal epithelial cells of pigs infected with rotaviruses." They also differ from the nuclear tubules of influenza virus, the cytoplasmic tubules of equine viral arteritis virus,' and tubules of protozoa.'" It is likely that tubules arise from pathologic viral-induced membrane metabolism, possibly enhanced by intracellular hypoxia."
Other viruses have a tropism for dome epithelia, including poliovirus,' reovirus," and bovine astrovirus. ' ' Reovirus and astrovirus appear to have a restrictive tropism for dome epithelia. In reovirus infection of mouse ileum, the reovirus adheres to the surface of the M cell, enters and traverses the cell in vesicles, and is liberated into the extracellular space. In contrast, astrovirus-infected domes, both in the presence of infection with Breda virus and rotavirus, have extensive cytopathic changes: there is rounding of the cells with extrusion of cells into the lumen and replacement with flat to cuboidal cells. Although most of these changes were observed in the astrovirus-infected cells. similar changes were observed with the Breda virus-infected cells. Diarrhea was recorded in calves infected with Breda virus." and in studies with Breda virus and astrovirus." In contrast. calves infected only with astrovirus did not develop diarrhea." In these calves, cytologic lesions were restricted to dome epithelium. These dome cell lesions. induced by Breda virus and astrovirus. may have important consequences for the development of adequate local immune responses to enteric infections.'
